Introduction {#sec1}
============

The group of peptides classified as surfactant-like peptides (SLPs)^[@ref1]−[@ref3]^ can be designed to mimic the properties of a surfactant molecule. SLPs comprise a short sequence of charged amino acids as the headgroup, attached to a tail consisting of neutral amino acids. The advantage of SLPs over traditional surfactants is that they incorporate in their structure a biologically active sequence. The particular combination of biofunctionality and amphiphilicity inherent to SLPs confers on them a rich spectra of applications in the field of biomaterials.^[@ref4],[@ref5]^

Early studies of SLPs, led by Zhang and co-workers, include structures with tailgroups consisting of a A~6~ (A: alanine) sequence.^[@ref6]−[@ref9]^ In particular, SLPs with a cationic lysine headgroup, such as A~6~K (K: lysine), have been studied by several groups.^[@ref10]−[@ref17]^ We reported on the self-assembly of A~6~R (R: arginine) with a cationic and antimicrobial R headgroup.^[@ref18]^ We showed that A~6~R forms ultrathin free-floating nanosheets in dilute aqueous solution and helically wrapped ribbons coexisting with nanotubes at high concentrations. In a previous work we also studied the SLP A~6~RGD (G: glycine, D: aspartic acid) containing the cell adhesion epitope RGD.^[@ref19]^ The self-assembly motif and the biological activity of A~6~RGD in water changed with the peptide concentration. Vesicle and fibril formation were observed for the first time for an alanine-containing peptide. Films dried from low concentration A~6~RGD solutions allowed human cornea stromal fibroblasts (hCSFs) to attach and significantly enhaced cell proliferation, while films dried from concentrated A~6~RGD solutions were toxic to hCSFs.

Here, we functionalize for the first time the A~6~ sequence by attaching the H (H: histidine) residue, which has the ability to bind to transition metal ions, in particular, Zn^2+^ cations.^[@ref20]−[@ref23]^ The H-containing peptide amyloid β-peptide (Aβ) can form Alzheimer's disease (AD) senile plaques in the human brain.^[@ref24]^ Aggregation of Aβ, a key pathological event in AD, has been shown to be profoundly promoted by Zn^2+^ cations binding to the H-residues in the Aβ sequence.^[@ref25]−[@ref29]^ In particular, binding of Zn^2+^ has been observed in the core of senile plaques from AD brain.^[@ref24]^ Treatment of the senile plaques with Zn^2+^ chelators can potentially reverse Zn^2+^ binding to H-residues leading to a disruption of senile plaques.

Zn^2+^ chelation technology, such as Zn^2+^ coordinated conjugation of polysaccharides (dextran and pullulan),^[@ref30],[@ref31]^ has also been applied in gene delivery to specific tissues. In particular, Zn^2+^-coordinated conjugation of a dextran derivative with spermine (Sm) successfully enhanced the gene expression of plasmid DNA in tumors.^[@ref30]^ It has also been shown that Zn^2+^-coordinated pullulan allows plasmid DNA to target the liver for gene expression and prolongs the duration of gene expression.^[@ref31]^

In this work we study the self-assembly of A~6~H in aqueous solutions and in ZnCl~2~ solutions. We prove that A~6~H chelates Zn^2+^ ions in neutral and acidic solutions. The binding sites within A~6~H for Zn^2+^ ions change according to the pH of the solution and that is related to changes in the self-assembly motif of the SLP.

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Peptide amphiphile A~6~H was purchased from Peptide Synthetics (U.K.) as the TFA salt and the purity was \>95% by HPLC with *M*~w,found~ = 582.4 Da (*M*~w,expected~ = 581.6 Da) determined by electrospray-mass spectrometry. NaOH and ZnCl~2~ were purchased from Sigma-Aldrich (U.K.) and used as received. In this work we studied samples of A~6~H dissolved in water or in ZnCl~2~ solutions. As detailed in the [Results](#sec3){ref-type="other"}, both A~6~H and A~6~H/ZnCl~2~ solutions have a pH below 7 throughout the range of concentrations studied in this work. Therefore, a second set of experiments was undertaken on A~6~H and A~6~H/ZnCl~2~ aqueous solutions with pH 7. Neutral pH was obtained, for experiments other than NMR, by titration of 2 wt % NaOH. For NMR experiments, A~6~H was suspended in buffered H~2~O (phosphate buffer, pH 6.9). In the following, we will use the notation (1:\[ZnCl~2~\]/\[A~6~H\]) (\[ \]: molar concentration) to indicate the molar ratio of ZnCl~2~ to A~6~H. All the solutions studied in this work were mixed at room temperature. Experiments were made at least one day after sample preparation.

NMR {#sec2.2}
---

Experiments were performed using an instrument operating at 500 MHz for protons equipped with a 5 mm PFG probe. Experiments were carried out in 90:10 H~2~O/D~2~O mixtures. Solvent signals were suppressed using PRESAT. Chemical shift assignments were obtained from 2D ^1^H--^1^H COSY and TOCSY experiments.

Circular Dichroism (CD) {#sec2.3}
-----------------------

Spectra were recorded using a Chirascan spectropolarimeter (Applied Photophysics, U.K.). The sample was placed in a coverslip cuvette (0.01 mm thick). Spectra are presented with absorbance *A* \< 2 at any measured point with a 0.5 nm step, 1 nm bandwidth, and 1 s collection time per step at 20 °C. The background subtracted data was corrected with the smoothing tool of the Chirascan software, using residual plots with a noise randomly distributed about zero.

Fourier Transform Infrared (FTIR) Spectroscopy {#sec2.4}
----------------------------------------------

Spectra were recorded using a Nexus-FTIR spectrometer equipped with a DTGS detector and a multiple reflection attenuated total reflectance (ATR) system. A solution of A~6~H was sandwiched in ring spacers between two CaF~2~ plate windows (spacers 0.006 or 0.025 mm thick). All spectra were scanned 128 times over the range of 4000--950 cm^--1^.

Small-Angle X-ray Scattering (SAXS) {#sec2.5}
-----------------------------------

Experiments were performed on beamlines ID02 and BM29 at the ESRF (Grenoble, France). On beamline ID02, samples were placed in a glass capillary mounted in a brass block for temperature control. Micropumping was used to minimize beam damage by displacing a drop of the sample by 0.01--0.1 mm for each exposure. The sample-to-detector distance was 1 m, and the X-ray energy was 12.46 keV. The *q* = 4π sin θ/λ range was calibrated using silver behenate. Data processing (background subtraction, radial averaging) was performed using the software SAXSUtilities. On beamline BM29, a few microlitres of samples were injected via an automated sample exchanger at a slow and very reproducible flux into a quartz capillary (1.8 nm internal diameter), which was then placed in front of the X-ray beam. The quartz capillary was enclosed in a vacuum chamber, in order to avoid parasitic scattering. After the sample was injected in the capillary and reached the X-ray beam, the flow was stopped during the SAXS data acquisition. The *q* range was set to 0.004--0.4 Å^--1^, with λ = 1.03 Å (12 keV). The images were captured using a PILATUS 1 M detector. Data processing (background subtraction, radial averaging) was performed using dedicated beamline software ISPYB.

SAXS Theory {#sec2.6}
-----------

The SAXS intensity from a system of disordered particles is dominated by the particle form factor. In our model, the form factor was fitted to a model of Gaussian bilayers using the software SASfit.^[@ref32]^ The details of the bilayer model are given elsewhere.^[@ref33],[@ref34]^ The model assumes an electron density profile ([Figure S2](#notes-1){ref-type="notes"}) comprising one Gaussian function for each headgroup on either side of the bilayer electron density (ρ~H~) and one Gaussian function for the chains in the core of the bilayer electron density (ρ~C~). The model also consists of the thickness *z*~H~, the standard deviation of the position of the Gaussian peak *z*~H~ (σ~H~) and the standard deviation of the position of the Gaussian peak at *z*~C~ (σ~C~). The bilayer is centered at *z* = *z*~C~ = 0. We used a Gaussian distribution of *z*~H~, with associated degree of polydispersity Δ~H~. The background was fitted according to the Porod law^[@ref35]^*C*~1~ + (*C*~2~/*q*^*C*~3~^). The fitting parameters of the model are σ~H~, *z*~H~, Δ~H~, ρ~H~, ρ~C~, σ~C~, *C*~1~, *C*~2~, and *C*~3~. From the fit parameters, it is possible to estimate a total layer thickness *l*~T~ ∼ (2*z*~H~ + 2σ~H~) with an uncertainty Δ~H~.

Cryo-Transmission Electron Microscopy (cryo-TEM) {#sec2.7}
------------------------------------------------

Experiments were carried out using a field emission cryo-electron microscope (JEOL JEM-3200FSC), operating at 300 kV. Images were taken in bright field mode and using zero loss energy filtering 8 (omega type) with a slit width 20 eV. Micrographs were recorded using a Gatan Ultrascan 4000 CCD camera. The specimen temperature was maintained at −187 °C during the imaging. Vitrified specimens were prepared using an automated a FEI Vitrobot device using Quantifoil 3.5/1 holey carbon copper grids with a hole size 3.5 μm. Just prior to use, grids were plasma cleaned using a Gatan Solarus 9500 plasma cleaner and then transferred into an environmental chamber of an FEI Vitrobot at room temperature and 100% humidity. Thereafter, 3 μL of sample solution was applied on the grid and it was blotted one time for 1 s and then vitrified in a 1/1 mixture of liquid ethane and propane at temperature of −180 °C. Grids with vitrified sample solutions were maintained at liquid nitrogen temperature and then cryo transferred in to the microscope.

Transmission Electron Microscopy (TEM) {#sec2.8}
--------------------------------------

TEM imaging was performed using a Philips CM20 TEM microscope operated at 200 kV. Droplets of A~6~H solutions were placed on Cu grids coated with a carbon film (Agar Scientific, U.K.), stained with uranyl acetate (2 wt %; Sigma-Aldrich, U.K.), and dried.

Raman Spectroscopy {#sec2.9}
------------------

Raman spectra were recorded using a Renishaw inVia Raman microscope. The light source was a multiline laser, and the experiments were performed using the λ = 785 nm edge. Experiments were made on stalks prepared by drying filaments of A~6~H solutions. The stalks were focused by using a ×50 magnification lens. Spectra were obtained in the interval 100--3000 cm^--1^, using 20 s collection time with 10% laser power and taking two averages.

Fiber X-ray Diffraction (XRD) {#sec2.10}
-----------------------------

X-ray diffraction was performed on stalks prepared from A~6~H solutions. The stalk was mounted (vertically) onto the four axis goniometer of a RAXIS IV++ X-ray diffractometer (Rigaku) equipped with a rotating anode generator. The XRD data was collected using a Saturn 992 CCD camera.

Results {#sec3}
=======

Figure [1](#fig1){ref-type="fig"} displays the chemical structure of A~6~H together with the dependence of the pH on the SLP concentration for samples containing A~6~H dissolved in water or in ZnCl~2~ solutions. Only solutions with the lowest used molar ratio A~6~H/ZnCl~2~ (1:1) are plotted in Figure [1](#fig1){ref-type="fig"}. All pHs in Figure [1](#fig1){ref-type="fig"} are below 7. Increasing the ZnCl~2~ content above (1:1) for a fixed A~6~H concentration decreases the pH of the solution, and the solutions still remain acidic.

![Chemical structure of A~6~H and dependence of the pH with SLP concentration for A~6~H dissolved in water or in a ZnCl~2~ solution (1:1).](bm-2013-01640j_0001){#fig1}

The imidazole side chain of the H residue (Figure [1](#fig1){ref-type="fig"}) has p*K*~a~ ∼ 7.^[@ref36]^ Therefore, A~6~H molecules with protonated and deprotonated imidazole rings coexist in solution at pH 7, while only protonated H-rings are present below pH 7.

In the following we will first study the self-assembly of A~6~H and the binding of Zn^2+^ metal ions to A~6~H in aqueous solutions, with pH 3 to pH 1 (Figure [1](#fig1){ref-type="fig"}). We will then proceed to study the self-assembly of A~6~H and Zn^2+^ binding in solutions with pH adjusted to 7.

Self-Assembly of A~6~H in Water and Study of Zn^2+^ Binding by A~6~H in Aqueous Solutions (pH 3 to pH 1) {#sec3.1}
--------------------------------------------------------------------------------------------------------

In this section we study solutions of A~6~H in water or in ZnCl~2~ solution. Samples studied in this section have pH values between 3 and 1. In this pH range the interaction of Zn^2+^ with the imidazole ring in A~6~H would require deprotonation of the imidazole, that is, the substitution of the proton attached to the imidazole nitrogen atom by a coordinated Zn^2+^ cation (Figure [1](#fig1){ref-type="fig"}). This process seems to be quite unfavorable for acidic solutions, where metal cations are more likely chelated by the numerous heteroatoms in A~6~H and not by the imidazole ring in the H residue.

We performed CD experiments to explore the secondary study of A~6~H in water and in ZnCl~2~ solution. The CD spectrum in the presence of ZnCl~2~ is characterized by a negative band at ∼194 nm and a weak positive band at ∼217 nm ([Figure S1](#notes-1){ref-type="notes"}), characteristic of the polyproline II conformation.^[@ref37]^ However, the spectrum for 1 wt % A~6~H without ZnCl~2~ ([Figure S1](#notes-1){ref-type="notes"}) shows a much shallower minimum and maximum. This is characteristic of a disordered conformation.^[@ref37]^

Figure [2](#fig2){ref-type="fig"} shows the FTIR results obtained for samples containing 4--18 wt % A~6~H and 4--18 wt % A~6~H (1:1). The peak at 1673 cm^--1^ is due to trifluoroacetic acid (TFA) counterions bound to the H residue.^[@ref38],[@ref39]^ The spectra in Figure [2](#fig2){ref-type="fig"}a reveal β-sheet order for 18 wt % A~6~H, due to the peak at 1637 cm^--1^.^[@ref40]−[@ref43]^ The peak at 1690 cm^--1^ together with the peak at 1627 cm^--1^ in Figure [2](#fig2){ref-type="fig"}b, suggests antiparallel β-sheet formation.^[@ref44]−[@ref46]^ already for 8 wt % A~6~H (1:1). The shift of the β-sheet peak from 1637 cm^--1^ (Figure [2](#fig2){ref-type="fig"}a) to 1627 cm^--1^ together with the antiparallel β-sheet formation (Figure [2](#fig2){ref-type="fig"}b) provides indirect evidence of Zn^2+^ binding.

![FTIR spectra for A~6~H dissolved (a) in water and (b) in a ZnCl~2~ solution (1:1).](bm-2013-01640j_0002){#fig2}

Figure [3](#fig3){ref-type="fig"} shows ^1^H NMR spectra measured for 1 wt % A~6~H in water and in ZnCl~2~ solutions with molar ratios (1:6) and (1:134). The NMR data for the A~6~H dissolved in TFA (pH 1) is also shown in Figure [3](#fig3){ref-type="fig"} as a reference for solution of A~6~H with a fully protonated imidazole ring at pH 1. NMR spectra for A~6~H in water show resonance signals corresponding to the amide NH groups and the imidazole ring of A~6~H (Figure [3](#fig3){ref-type="fig"}). NMR indicates that the imidazole resonances are unaffected upon addition of Zn^2+^ even if a large excess is added, suggesting that the heterocycle remains protonated and no interaction with Zn^2+^ takes place. On the other hand, the NH resonances are affected by the addition of Zn^2+^ (Figure [3](#fig3){ref-type="fig"}) pointing to the coordination of carbonyl oxygen atoms to the Zn^2+^ cation. It is possible that the coordination of the carbonyl oxygen atoms to the Zn^2+^ cations allows for the formation of β-sheets at only 8 wt % A~6~H for samples containing ZnCl~2~ (Figure [2](#fig2){ref-type="fig"}b), as opposed to the 18 wt % peptide needed for solutions free of Zn^2+^ cations (Figure [2](#fig2){ref-type="fig"}a).

![NMR for 1 wt % A~6~H dissolved in water and in ZnCl~2~ solution (1:134) and (1:6). NMR data for A~6~H dissolved in TFA is shown as a reference for the sample with a fully protonated imidazole ring (pH 1).](bm-2013-01640j_0003){#fig3}

To investigate the effect of ZnCl~2~ on A~6~H nanostructure, we performed cryo-TEM and TEM. Aqueous solutions were studied at 18 wt % A~6~H. Addition of ZnCl~2~ to 18 wt % A~6~H solution dramatically increased the viscosity of the sample, turning it into a free-standing gel. Therefore, solutions containing ZnCl~2~ were studied at 9 and 13 wt % A~6~H by cryo-TEM and TEM, respectively (instead of 18 wt % A~6~H), because those are the concentrations closest to 18 wt % fluid enough to allow for microscopy specimen preparation.

Cryo-TEM experiments provide direct evidence for the self-assembled structure for 18 wt % A~6~H and 9 wt % A~6~H (1:1; Figure [4](#fig4){ref-type="fig"}a,b). The 18 wt % A~6~H sample contained mostly large aggregates resembling ribbons (Figure [4](#fig4){ref-type="fig"}a). Only in a few positions were the edges of the aggregates thin enough to identify sheet-like structures. The width of the sheets in this sample varies between 18 and 52 nm, and the narrow sheets tend to twist more often. The 9 wt % A~6~H (1:1) sample contained long sheets, 30--50 nm thick, that make helical coils in at least two ways (Figure [4](#fig4){ref-type="fig"}b). The length of the repeat (helix pitch) varies from about 110 to about 190 nm.^[@ref47]^

![Cryo-TEM images measured for (a) 18 wt % A~6~H in water and (b) 9 wt % A~6~H in a ZnCl~2~ solution (1:1). TEM images for (c) 18 wt % A~6~H and (d) 13 wt % A~6~H in a ZnCl~2~ solution (1:1).](bm-2013-01640j_0004){#fig4}

Figure [4](#fig4){ref-type="fig"}c,d show TEM images obtained for samples dried from 18 wt % A~6~H and 13 wt % A~6~H (1:1) solutions. In good agreement with cryo-TEM data, A~6~H in water self-assembles into wide twisted nanotapes 38.3 ± 8.0 nm thick (Figure [4](#fig4){ref-type="fig"}c), while A~6~H dissolved in ZnCl~2~ solutions produces nanotapes 24.2 ± 2.4 nm thick (Figure [4](#fig4){ref-type="fig"}d).

SAXS results are consistent with the self-assembly of A~6~H in nanotapes. The SAXS profiles measured for samples containing 18 wt % A~6~H are displayed in [Figure S2](#notes-1){ref-type="notes"}. The data in [Figure S2](#notes-1){ref-type="notes"} was modeled according to a system of Gaussian bilayers, which is in good agreement with the nanotape motif of A~6~H and is consistent with our previous modeling of SAXS data for nanotape-forming peptide amphiphiles.^[@ref48]−[@ref51]^ The SAXS fit in [Figure S2](#notes-1){ref-type="notes"} deviates from the experimental data at very low *q* for 18 wt % A~6~H (1:1) because our model does not consider structure factor effects. The parameters obtained from the fits to the data in [Figure S2](#notes-1){ref-type="notes"} are listed in [Table S1](#notes-1){ref-type="notes"}.

The estimated length of the A~6~H molecule in an antiparallel β-sheet conformation is *l*~E~ = 7 × 3.4 Å = 23.8 Å (3.4 Å: repeat distance for each residue comprising the β-sheet).^[@ref52]^ Therefore, a bilayer comprising A~6~H molecules in an extended configuration would be ∼2 × *l*~E~ = 47.6 Å thick.

On the basis of the poor water solubility of the A~6~ block, we expect that the nanotapes are built out of A~6~H bilayers, with interdigitated hydrophobic A~6~ "tails" and H residues exposed to water. This model is confirmed by *l*~T~ ∼ 33 Å \< 2 ×*l*~E~ obtained for 18 wt % A~6~H in water ([Table S1](#notes-1){ref-type="notes"}). A similar structure has previously been proposed by us for free floating sheets of A~6~R and A~12~R~2~ in solution,^[@ref18],[@ref53]^ and A~6~RGD fibers.^[@ref19]^ An interdigitated bilayer structure is also formed for A~6~H in a ZnCl~2~ solution (1:1), since *l*~T~ ∼ 19.7 Å listed in [Table S1](#notes-1){ref-type="notes"}.

Raman spectroscopy on stalks dried from 18 wt % A~6~H in water and 18 wt % A~6~H in a ZnCl~2~ solution (1:1) reveal changes in the stretching and bending vibrations bands due to the binding of Zn^2+^ ions. [Figures S3a,b and S3c,d](#notes-1){ref-type="notes"} display the 800--1800 cm^--1^ and the 2700--3400 cm^--1^ regions of the Raman spectra, respectively. Addition of ZnCl~2~ leads to frequency and intensity changes for the amide III peak (1240 cm^--1^), for the amine N--H bend (1315 cm^--1^),^[@ref21],[@ref54]^ for the CH~3~ group deformation (1442 cm^--1^),^[@ref21],[@ref54]^ and for the amine N--H stretching (3273 cm^--1^). The Raman peaks for β-sheet (1662 cm^--1^) and C--H stretch in the CH~3~ group (2934 and 2986 cm^--1^)^[@ref54]^ change their shape and intensity in the presence of ZnCl~2~. Not surprisingly, given the findings from NMR, Raman peaks for the imidazole ring bending vibration (902 and 1091 cm^--1^)^[@ref21]^ remain unaltered under the addition of Zn^2+^ cations to the solution.

The Raman spectra show that mainly the A~6~ chain backbone is affected by the addition of ZnCl~2~ to the solution, most likely due to the binding of Zn^2+^ cations. This supports our conclusions from the NMR experiments.

[Figure S4](#notes-1){ref-type="notes"} shows the XRD profiles obtained by integration of isotropic XRD fiber diffraction patterns measured for stalks dried from 18 wt % A~6~H without and with (1:1) ZnCl~2~, also studied by Raman spectroscopy ([Figure S3](#notes-1){ref-type="notes"}).

XRD for 18 wt % A~6~H shows reflexions with spacings *d* = 26.8, 5.4, 4.4, and 3.8 Å. In particular, the reflection at 5.4 Å in [Figure S4](#notes-1){ref-type="notes"} corresponds to the reflection at 5.3 Å in the SAXS pattern in [Figure S2](#notes-1){ref-type="notes"}. We associate the spacing 26.8 Å with the length *l*~*T*~ ∼ 33 Å obtained from the modeling the SAXS data ([Table S1](#notes-1){ref-type="notes"}), allowing for dehydration or drying. We base the indexation of the spacings for 18 wt % A~6~H on the indexation of similar XRD patterns previously reported by us for A~6~K^14^, A~6~R,^18^A~12~R~2~,^[@ref53]^ and A~6~RGD^[@ref19]^ in water. On that basis, *d* = 5.4 Å is assigned to the stacking distance between β-sheets and *d* = 4.4 Å is due to the β-strand spacing. The spacing 3.8 Å is ascribed to the diffraction from planes containing C~α~ moieties.^[@ref55],[@ref56]^ The relatively small β-sheet stacking distance and β-sheet strand spacing are due to the efficient packing of A residues^[@ref57]^ and is consistent with a compact structure as observed for other alanine--rich peptides.^[@ref57]^

The XRD profile for 18 wt % A~6~H (1:1; [Figure S4](#notes-1){ref-type="notes"}) shows reflections at 35.9, 5.4, and 4.8 Å. The spacings 5.4 and 4.8 Å in [Figure S4](#notes-1){ref-type="notes"} are close to the spacings 5.6 and 4.9 Å, respectively, in the SAXS pattern in [Figure S2](#notes-1){ref-type="notes"}. A long spacing *d* = 32.3 Å, similar to 35.9 Å in [Figure S4](#notes-1){ref-type="notes"}, was already observed for free floating sheets of A~6~R in water and ascribed to a dehydration-driven multilamellar stacking.^[@ref18]^

The spacings 5.4 and 4.8 Å in [Figure S4](#notes-1){ref-type="notes"} correspond to the β-sheet stacking distance and strand spacing, respectively.

A shift in the β-sheet spacing from 4.4 Å (aqueous solution) to 4.8 Å (1:1 ZnCl~2~) is a consequence of Zn^2+^ ion chelation by A~6~H. This is consistent with NMR results that show the presence of Zn^2+^ cations (Figure [3](#fig3){ref-type="fig"}), coordinated to the carboxyl oxygen atoms of the amide chain and entrapped within the hydrophobic core of the β-sheet tapes.

Self-Assembly of A~6~H and Study of Zn^2+^ Binding by A~6~H in Aqueous Solutions at Neutral pH {#sec3.2}
----------------------------------------------------------------------------------------------

In this section we present results for solutions for which the pH of all the samples has been fixed to 7. A~6~H molecules with protonated and deprotonated imidazole H rings coexist in solution at pH 7. A deprotonated imidazole ring favors binding of Zn^2+^ cations through the substitution of the proton attached to the imidazole nitrogen atom by a coordinated Zn^2+^ cation.

Solutions of A~6~H in water or ZnCl~2~ were cloudy and precipitated within 30 min at room temperature for concentrations equal or higher than 0.25 wt %. The sample precipitation might be the signature of pseudocrystallites formation due to charge neutralization. We studied these samples at room temperature using techniques that allow for fast specimen preparation and data acquisition (FTIR, SAXS) or that are not affected by the formation of pseudocrystallites in the sample (TEM, cryo-TEM and XRD). In contrast, the formation of large precipitates can screen the NMR signal. However, despite the white precipitate present at room temperature, at 30 °C appreciable quantities of product were soluble showing sharp NMR signals.

Figure [5](#fig5){ref-type="fig"} displays the FTIR results measured for 0.5 and 1 wt % A~6~H in water and in a ZnCl~2~ solution (1:1) at pH 7. The spectra clearly correspond to an antiparallel β-sheet structure, with positive FTIR bands at 1689--1693 and 1623--1625 cm^--1^.^[@ref44]−[@ref46]^ Figure [5](#fig5){ref-type="fig"} shows that the neutralization of A~6~H solutions reduces the onset for β-sheet formation from 18 to less than 0.5 wt % for A~6~H in water and from 8 to 0.5 wt % for A~6~H in ZnCl~2~ solutions (1:1; Figure [2](#fig2){ref-type="fig"}).

![FTIR spectra for A~6~H at pH 7 dissolved (a) in water and in (b) in a ZnCl~2~ solution (1:1).](bm-2013-01640j_0005){#fig5}

Integration of the NMR signals using a external standard (hydroquinone in a concentric tube) revealed that the solubility of a 1 wt % A~6~H solution decreased with temperature from 0.16% to 0.11% upon heating from 30 to 80 °C ([Figure S5](#notes-1){ref-type="notes"}). Addition of Zn^2+^ increased the solubility of the peptide ([Figure S5](#notes-1){ref-type="notes"}). For example, for a A~6~H in ZnCl~2~ solution (1:3.5), the solubility at 30 °C increased from 0.16% to 0.46% upon Zn^2+^ addition ([Figure S5](#notes-1){ref-type="notes"}). The temperature decrease of solubility was also associated to a shift of the imidazole ring protons resonance, which can be tentatively ascribed to a temperature-induced deprotonation of the heterocyclic ring ([Figure S6](#notes-1){ref-type="notes"}). DOSY experiments did not reveal significant differences in diffusion coefficients when corrected by temperature and viscosity changes

Figures [6](#fig6){ref-type="fig"} and [S7](#notes-1){ref-type="notes"} show very clearly that the addition of ZnCl~2~ is associated with an interaction of the imidazole ring with Zn^2+^, which results in a dramatic shift of the proton resonances of the heterocycle. This is in contrast with the results at lower pH. This effect can be ascribed to the coordination of the nitrogen atoms of imidazole with ZnCl~2~. Remarkably, addition of ZnCl~2~ resulted in the appearance of the amide NH signals that were hidden or broad in pH 7 buffer solution (Figure [6](#fig6){ref-type="fig"}). Presumably, the coordination of the imidazole basic nitrogen to Zn^2+^ prevents its action as catalyst for the NH--H~2~O exchange process.^[@ref58]^

![^1^H NMR spectra measured at 30 °C, for 1 wt % A~6~H dissolved in buffer (pH 7) and in buffer with ZnCl~2~ (1:1).](bm-2013-01640j_0006){#fig6}

Solutions of A~6~H were examined using TEM and cryo-TEM. Figure [7](#fig7){ref-type="fig"}a shows a TEM image obtained for a sample dried from 0.5 wt % A~6~H (pH 7). The self-assembly motif consists of sheets, ∼(200--330) nm thick, which were observed to be isolated or arranged in bundles such as that shown in Figure [7](#fig7){ref-type="fig"}a. TEM and cryo-TEM images for 0.5 wt % A~6~H (1:1), pH 7, are shown in Figure [7](#fig7){ref-type="fig"}b and c, respectively. The self-assembly motif of this sample is very different from the others studied in this work and consists of pseudocrystalline particles formed by several plate/tape-like sheets. The particles are fairly large, ∼1 μm in length, and seem to grow in a fan-like form from one end and consist of several joined plate/tape-like sheets. The number of sheets varies from just a few to about two dozen depending on the particle.

![(a) TEM images for 0.5 wt % A~6~H at pH 7 dissolved in (a) water and (b) in a ZnCl~2~ solution (1:1); (c) cryo-TEM image for the same sample studied in (b).](bm-2013-01640j_0007){#fig7}

[Figure S8](#notes-1){ref-type="notes"} shows the SAXS profiles measured for 0.25 wt % A~6~H at pH 7 without and with ZnCl~2~ (1:1). The experimental data was modeled according to a Gaussian bilayer model as described earlier. The fit parameters are listed in [Table S1](#notes-1){ref-type="notes"}. According to the results in [Table S1](#notes-1){ref-type="notes"}, 0.25 wt % A~6~H (pH 7) adopts a bilayer structure with highly interdigitated bilayers, very similar to that described above for samples with pH 1--2. However *l*~T~ fitted for 0.25 wt % A~6~H (1:1) pH 7 ([Table S1](#notes-1){ref-type="notes"}) shows a dramatic enlargement of the bilayers upon adding NaOH to samples containing ZnCl~2~. It is possible that the enlargement of the peptide bilayers is associated to the pseudocrystalline structure of the particles shown in Figure [7](#fig7){ref-type="fig"}b,c.

[Figure S9](#notes-1){ref-type="notes"} shows the XRD intensity profiles obtained for stalks dried from 4 wt % A~6~H at pH 7, without and with ZnCl~2~ (1:1). Both XRD spectra in [Figure S9](#notes-1){ref-type="notes"} show reflections with spacings *d* = 35.9, 5.4, 4.4, and 3.8 Å. Reflections at 35.9, 5.4, 4.4, and 3.8 Å have been discussed above in relation to acidic solutions with and without ZnCl~2~. In particular, *d* = 35.9 Å was measured for acidic solutions with ZnCl~2~ at pH 1--2. Here, it is measured also for solutions free of metal cations at pH 7, because their particular self-assembly motif (Figure [7](#fig7){ref-type="fig"}a) favors a dehydration-driven multilamellar stacking.

Conclusions {#sec4}
===========

In this work we studied the self-assembly of A~6~H and the binding of Zn^2+^ metal ions to A~6~H in aqueous solutions under acidic or neutral conditions. We proved that a change from acidic to neutral conditions lead to a dramatic effect on A~6~H self-assembly and the chelation of Zn^2+^ ions by this SLP.

A~6~H self-assembles, under acidic conditions, into nanotapes comprising bilayers with a hydrophobic interior of interdigitated alanine chains with H residues exposed to water. Peptide nanotapes are held together by a β-sheet structure. The onset concentration for nanotape formation can be reduced 2-fold by the addition (1:1) of Zn^2+^ ions to the solution, because the coordination of the carbonyl oxygen atoms to the Zn^2+^ ions enables β-sheet formation at lower concentrations.

A~6~H mixed with water or ZnCl~2~ solutions precipitates under neutral conditions after ∼30 min of mixing. Aqueous A~6~H solutions produce short sheets, while neutral A~6~H/ZnCl~2~ solutions contain pseudocrystalline particles consisting of several plate/tape-like sheets. Both nanosheets and pseudocrystalline structures contain an internal bilayer structure, similar to that described for the system in acidic conditions. As expected, the imidazole ring of the H residue chelates Zn^2+^ ions in neutral conditions. Despite changing the self-assembly motif as a whole, the changes in pH do not change the internal structure of the aggregates that is ruled by the amphiphilic-like nature of A~6~H.

CD, Raman, SAXS, NMR, and XRD data and parameters obtained from the fittings to the SAXS data are available. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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